Radiogenic isotopes of hafnium (Hf) and neodymium (Nd) are powerful tracers for water mass transport and trace metal cycling in the present and past oceans. However, due to the scarcity of available data the processes governing their distribution are not well understood. Here we present the first combined dissolved Hf and Nd isotope and concentration data from surface waters of the Atlantic sector of the Southern Ocean. The samples were collected along the Zero Meridian, in the Weddell Sea and in the Drake Passage during RV Polarstern expeditions ANTXXIV/3 and ANTXXIII/3 in the frame of the International Polar Year (IPY) and the GEOTRACES program. The general distribution of Hf and Nd concentrations in the region is similar. However, at the northernmost station located 200 km southwest of Cape Town a pronounced increase of the Nd concentration is observed, whereas the Hf concentration is minimal, suggesting much less Hf than Nd is released by the weathering of the South African Archean cratonic rocks. From the southern part of the Subtropical Front (STF) to the Polar Front (PF) Hf and Nd show the lowest concentrations (<0.12 pmol/kg and 10 pmol/kg, respectively), most probably due to the low terrigenous flux in this area and efficient scavenging of Hf and Nd by biogenic opal. In the vicinity of landmasses the dissolved Hf and Nd isotope compositions are clearly labeled by terrigenous inputs. Near South Africa Nd isotope values as low as e Nd = À18.9 indicate unradiogenic inputs supplied via the Agulhas Current. Further south the isotopic data show significant increases to e Hf = 6.1 and e Nd = À4.0 documenting exchange of seawater Nd and Hf with the Antarctic Peninsula. In the open Southern Ocean the Nd isotope compositions are relatively homogeneous (e Nd $ À8 to À8.5) towards the STF, within the Antarctic Circumpolar Current, in the Weddell Gyre, and the Drake Passage. The Hf isotope compositions in the entire study area only show a small range between e Hf = + 6.1 and +2.8 support Hf to be more readily released from young mafic rocks compared to old continental ones. The Nd isotope composition ranges from e Nd = À18.9 to À4.0 showing Nd isotopes to be a sensitive tracer for the provenance of weathering inputs into surface waters of the Southern Ocean.
INTRODUCTION

Hafnium and neodymium isotopes as tracers in seawater
Dissolved radiogenic hafnium (Hf) and neodymium (Nd) isotope compositions (expressed as e Hf and e Nd by normalizing the 176 Hf/ 177 Hf and the 143 Nd/ 144 Nd to that of CHUR in parts per 10,000 (Jacobsen and Wasserburg, 1980; Nowell et al., 1998) ) in seawater have been shown to provide insights into present and past ocean circulation and weathering conditions on land (e.g. Piotrowski et al., 2000; Frank et al., 2002; van de Flierdt et al., 2002) . The global average residence time of Nd in the ocean is between 360 and 1500 years, allowing the use of Nd isotopes as a tracer for advection and mixing of water masses over long distances (Jeandel et al., 1995; Tachikawa et al., 1999; Siddall et al., 2008; Arsouze et al., 2009; Rempfer et al., 2011) . Hafnium, on the other hand, has an oceanic residence time, which is most likely on the order of only few hundred years (Rickli et al., 2009; Zimmermann et al., 2009b) , implying that radiogenic Hf isotopes are useful tracers for water masses restricted to basin scales. However, there are also estimates for the residence time of Hf in the deeper ocean longer than that of Nd, whereas in the surface ocean the opposite was proposed (Godfrey et al., 2008 (Godfrey et al., , 2009 ). This discrepancy is mainly due to the lack of information available on the distribution of dissolved Hf in seawater and the isotopic range of the input sources. While the Nd input into the ocean is known to be governed by river and groundwater contributions, as well as exchange between sediments and seawater Greaves et al., 1994; Jeandel et al., 1995; Haley et al., 2004; Lacan and Jeandel, 2005) , the inputs contributing to the marine Hf budget are still debated. Hafnium in seawater is possibly delivered mainly by fluvial input (e.g. Bayon et al., 2006; Godfrey et al., 2008) but also partial dissolution of dust (Albarède et al., 1998; David et al., 2001; Pettke et al., 2002; Godfrey et al., 2009; Rickli et al., 2010) , exchange with marine sediments similar to Nd (Lacan and Jeandel, 2005) , and hydrothermal inputs (Bau and Koschinsky, 2006) may play a role.
Comparison of the relationship between the Hf and Nd isotopes in terrestrial rocks, referred to as the "terrestrial array" (Patchett et al., 1984; Vervoort et al., 1999) , with available seawater data (Godfrey et al., 2009; Rickli et al., 2009 Rickli et al., , 2010 Zimmermann et al., 2009a,b) reveals fundamental differences (Fig. 1A) . The Hf and Nd isotope composition of terrestrial rocks is governed by a very similar lutetium-hafnium (Lu/Hf) and samarium-neodymium (Sm/Nd) elemental fractionation during igneous processes. The radiogenic isotope systems of Hf and Nd are controlled by the decay of their respective parent isotopes 176 Lu and 147 Sm: Continental crustal rocks are thus characterized by low Lu/Hf and low Sm/Nd leading to unradiogenic bulk Hf and Nd isotope compositions (low e-values) over time. Mafic rocks (i.e. mantle-derived rocks) have higher Lu/Hf and Sm/Nd and are therefore more radiogenic (higher e-value) in their bulk Hf and Nd isotope compositions. Compared to the terrestrial array, the available seawater Hf and Nd isotope data ("seawater array") are shifted to more radiogenic Hf isotope compositions for a given Nd isotope composition. The most plausible explanation is that during incongruent weathering of continental crust, unradiogenic Hf is retained in weathering resistant minerals, such as zircons, a process often referred to as the "zircon effect" (Patchett et al., 1984; Albarède et al., 1998; Piotrowski et al., 2000; van de Flierdt et al., 2002 . In addition, minerals with highly radiogenic Hf isotope composition have been shown to be more susceptible to weathering, thus causing preferential supply of radiogenic Hf to seawater (Bayon et al., 2006 (Bayon et al., , 2009 Chen et al., 2011) . Rickli et al. (2010) suggested that areas with high atmospheric dust loads, such as the Sahara region, also act as sources of Hf to seawater. Comparing the surface ocean Hf isotope compositions to those of dust indicates that Hf is preferentially released from traces of radiogenic apatite and clays resulting in a surface water Hf isotope composition, which is $10 e Hf units more radiogenic than the bulk dust composition in the Atlantic Ocean. Therefore, both fluvial and atmospheric inputs are likely to contribute to the radiogenic Hf isotope composition in the ocean. An alternative explanation, although so far not supported by direct data, is the input of radiogenic Hf through hydrothermal venting (Bau and Koschinsky, 2006; White et al., 1986) . This source has been shown not to deliver any radiogenic Nd to deep waters (German et al., 1990; Halliday et al., 1992) and thus could also explain the observed offset to more radiogenic Hf isotope compositions of seawater.
Despite of the existence of Hf and Nd isotope data from different parts of the global ocean the continental contributions and their supply pathways are still largely unconstrained, in particular in the Southern Ocean. In addition, the Southern Ocean is characterized by a high biogenic opal productivity, which may play an important role for the cycling of Hf and the rare earth elements (REE). Here we present the first combined surface water Hf and Nd isotope compositions and concentrations complemented by REE distributions from the Atlantic sector of the Southern Ocean. With this new dataset we aim at better understandings of the external inputs of Hf and Nd and of the mechanisms, which control their elemental and isotopic distribution in the surface ocean. Comparison of REE patterns from surface waters with those of potential sources allow the processes governing their distribution to be evaluated.
Study area
The surface waters of the Southern Ocean (Fig. 2) are separated from those of the subtropical region further north by a pronounced meridional temperature and salinity gradient. This hydrographic boundary is referred to as the Subtropical Front (STF, Hofmann, 1985) . The STF is the only front in the Southern Ocean that is not circumpolar, given that no subtropical waters are found in the Drake Passage between the Antarctic Peninsula and South America (Sievers and Emery, 1978; Sievers and Nowlin, 1984) . The STF marks the transition between the relatively cold and fresh Subantarctic Surface Water (SASW) and the much warmer and saltier Subtropical Surface Water (STSW). The front develops in the western South Atlantic Ocean and is associated with an eastward transport of up to 37 Sv (1 Sv = 10 6 m 3 s À1 ). This flow decreases to less than 15 Sv towards South Africa, commonly called the South Atlantic Current (SAC) where it turns north to feed the Benguela Current (Stramma and Peterson, 1990) . South of the STF, a region of weak flow separates the SAC from the Antarctic Circumpolar Current (ACC), which dominates geostrophic eastward flow around the Antarctic continent. The ACC is bound to the south by cyclonically circulating gyres, such as the Weddell Gyre (WG, Deacon, 1979; Klatt et al., 2005) . Within the ACC, bands of pronounced horizontal density gradients, also associated with strong lateral currents, characterize the Subantarctic (SAF) and the Polar (PF) Fronts (Emery, 1977; Nowlin and Whitworth, 1977; Whitworth, 1980; Peterson and Stramma, 1991) . From the PF to the Antarctic continent the relatively homogenous Antarctic Surface Water (AASW) is found, which forms the topmost layer above the warmer and saltier Upper (U) and Lower (L) Circumpolar Deep Water (CDW).
The Atlantic sector of the Southern Ocean is bounded by the landmasses of South Africa in the east, the Antarctic continent in the south and South America in the west (Fig. 2) . The geology of South Africa mainly comprises the Archaean Kaapvaal Craton, which is surrounded by several orogenic belts of Proterozoic and Paleozoic age. On top of this old basement the sedimentary Karoo Basin developed during the Paleozoic (Cole, 1992) . The geological structure of the Antarctic continent (Fig 2A) can be broadly divided into the three tectonic domains comprising the East Antarctic Shield (EAS), the Transantarctic Mountains (TAM) and West Antarctica (WA). The EAS comprises a Precambrian to Ordovician igneous and sedimentary basement overlain by Devonian to Jurassic sediments. East Antarctica, in particular the Dronning Maud Land (DML), consists of approximately the same tectonic facies as South Africa, in both cases originating from the Pan-African orogeny which formed during the collision of East and West Gondwana about 600-500 Ma ago (Thomas et al., 1993; Rogers et al., 1994) . The TAM mark the boundary between East and West Antarctica. They consist of sedimentary deposits from the Late Cambrian Ross orogeny, Devonian to Permian sediment covers of Gondwana, and Jurassic tholeiites. The TAM underwent uplift since the early Cretaceous (Dalziel, 1992; Fitzsimons, 2000) . West Antarctica has five crustal blocks, of which three are relevant for this study: the Haag Nunataks (HN), the Ellsworth Whitmore Mountains (EWM) and the Antarctic Peninsula (AAP). The HN represents a small crustal block between the AAP and the EWM consisting of Proterozoic amphibolites and orthogneisses (Millar and Pankhurst, 1987) . The EWM form a 415 km long, NNE-SSW trending mountain chain being a terrane once situated at the margin of Gondwana prior to its break-up during the Jurassic (Dalziel, 1992; Storey, 2005) . The AAP mainly consists of magmatic rocks of varying origin and is interpreted as a Hf Nd s e a w a t e r a r r a y t e r r e s t r i a l a r r a y
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Fig. 1. Hf and Nd isotope compositions of terrestrial rocks ("terrestrial array"), seawater and ferromanganese crusts ("seawater array"). The terrestrial array (Vervoort et al., 1999) is characterized by a larger e Hf variability than that of e Nd (A). The seawater array displays more radiogenic e Hf for a given e Nd value (B). Atlantic Hf isotope compositions (Godfrey et al., 2009; Rickli et al., 2009 Rickli et al., , 2010 plot at the unradiogenic end of the array, whereas Pacific compositions (Zimmermann et al., 2009a) form the radiogenic part. The Hf and Nd isotope compositions of Southern Ocean seawater as well as of ferromanganese crusts and nodules (van de Flierdt et al., 2006) plot between Atlantic and Pacific compositions.
long-lived magmatic arc partly built on Cambrian continental crust (Millar et al., 2001) . Most of the exposed rocks, however, are of Mesozoic and younger ages resulting from subduction on the western margin of the Peninsula. These consist of the AAP Batholith, which reflects central arc magmatism, and back-arc sequences on the eastern side of the Peninsula bounded by the Weddell Sea. Across the Drake Passage to the north these back-arc sequences continue as the southern part of South America (Patagonia). Together with the AAP, Patagonia forms one of the largest igneous provinces on Earth (Pankhurst et al., 1998) .
METHODS
Sample collection and onboard procedures
Most samples were collected during the International Polar Year (IPY) cruise ANTXXIV/3 on the German research vessel FS Polarstern from February to April 2008. This cruise was also part of the international GEOTRAC-ES program and all samples were collected and measured for their Nd and Hf concentrations and isotope compositions according to the agreed GEOTRACES protocols (http://www.obs-vlfr.fr/GEOTRACES/libraries/documents/ Intercalibration/Cookbook.pdf). Between 100 and 130 L of seawater were taken for each sample mostly when the ship was underway. The collection was carried out in three different ways: (1) using a towed stainless steel fish with a Teflon head, through which surface water was pumped directly into the ship's laboratory under trace metal clean conditions, (2) using the ship's own seawater intake system made of polypropylene tubes, or (3) using Niskin bottles on a CTD rosette collecting water from 25 to 480 m water depth during station time (Table 1 and Fig. 2 ). For this study we refer to samples shallower than 100 m as surface samples. All samples were filtered through a 142 mm MilliPore Ò filter disc with a pore size of 0.45 lm into acid cleaned LDPE cubitainers. Filtration was performed within 12 h after collection or directly during collection when possible. The samples were then acidified to pH $2 with double distilled, concentrated HNO 3 . From each sample an aliquot of 2 L was kept for concentration analysis. About 500-600 mg iron (Fe), in the form of previously cleaned dissolved Fechloride, was added to the large volume samples and left for 24 h for equilibration. In a second step, ammonia solution (25%, Merck Suprapur Ò ) was added to bring the pH back to 8 in order to co-precipitate the dissolved trace metals (i.e. Hf and Nd) with Fe hydroxide (FeOOH). The supernatant was discarded and the residual FeOOH precipitate was transferred into pre-cleaned 2 L LDPE-bottles.
In addition, five Nd samples collected in the Drake Passage during the expedition ANTXXIII/3 on Polarstern were included in this study (see Table 1 ). For each of these samples 10 L of seawater were filtered and acidified as described above. The pre-concentration was realized by co-precipitation with manganese hydroxide (MnOOH) after increasing the pH to $8. The MnOOH precipitate was filtered on board in a laminar flow hood and the filters were stored away for further analysis on shore.
Further procedures in the home laboratory
The FeOOH precipitates obtained during ANTXXIV/3 were centrifuged in the home laboratory of GEOMAR in Kiel (Germany) and were rinsed at least twice with de- The main hydrographic features are the Agulhas Current (AC), the Antarctic Circumpolar Current (ACC), the Benguela Current (BC), the South Atlantic Current (SAC) and the Weddell Gyre (WG). The dashed and dotted lines in (B) and (C) represent the approximate locations of the Southern Ocean frontal system from north to south: the Subtropical Front (STF, the Subantarctic Front (SAF), the Polar Front (PF) and the Southern ACC boundary (BDY) as described in Orsi et al. (1995). ionized water (MilliQ, 18.2 MXcm) to wash out major ions. The precipitate was removed from the centrifuge tubes and transferred into 60 ml Teflon vials with 5 ml 6 M HCl (quartz distilled). After evaporation, 4 ml of aqua regia were added and the closed vials were heated at 110°C for at least 24 h to destroy organic compounds. The samples were then transformed to Cl-form and finally dissolved in 4 ml of 6 M HCl. The majority (more than 99%) of the Fe was removed prior to chromatographic separation by solvent extraction with di-ethyl ether . The residual was then evaporated and re-dissolved in 4 ml 3 M HCl.
Most of the samples formed a jelly-like silica gel in HCl, which scavenged about 90% of the Hf from the sample. This silica gel was isolated and dissolved with 2 M HF. After evaporation of the 2 M HF, this fraction was recombined with the HCl soluble fraction of the same sample. The purification of Hf and separation of REE followed a modified recipe of Mü nker et al. (2001) . Some remaining traces of ytterbium (Yb), which would have caused an isobaric interference on 176 Hf, were subsequently removed on an additional column loaded with 1.4 ml of cation-exchange resin (Biorad Ò AG50W-X8, 200-400 lm mesh-size) using 1 M HCl and 0.05 M HF to elute Hf before the rare earth elements (REE). Purification after Mü nker et al. (2001) also allowed the separation of the REE from most of the sample matrix. The REE were eluted in 6 M HCl immediately after loading the sample. The REE cut was further processed using LN-Spec resin following Pin and Zalduegui (1997) . The respective Hf and Nd cuts were treated with 100 ll HNO 3 (concentrated, quartz distilled) and 100 ll H 2 O 2 (30 wt.%, Merck Suprapur Ò ) in preparation for mass spectrometry to avoid potentially disturbing matrix effects by traces of resin or other residual organic compounds. Finally the samples were dissolved in 0.5 M HNO 3 (Nd) and 0.5 M HNO 3 + 0.1 M HF (Hf) for measurement on the MC-ICPMS.
The filtered MnOOH precipitates from the additional samples from expedition ANTXXIII/3 were dissolved and further treated at LEGOS in Toulouse (France). Extraction of the "REE fraction" from the MnOOH co-precipitate was conducted on an anion exchange resin following the procedure described in Jeandel et al. (2011) . Neodymium was then purified following the two-step procedure of Lacan and Jeandel (2001) .
Concentration measurements
Hafnium and neodymium concentrations were obtained by isotope dilution (ID) similar to the method described by Rickli et al. (2009) . For the five additional samples, only Nd concentrations were determined following Lacan and Jeandel (2001) . Weighed spike solutions of 178 Hf and a mixture of 150 Nd/ 149 Sm were added to an acidified 0.5 L aliquot of each sample. The samples were left for 4-5 days to completely equilibrate. Subsequently FeCl 3 was added to the samples and Hf and Nd were co-precipitated with FeOOH by adding ammonia to raise the pH to 8. For mass spectrometric analysis, purification of Hf and Nd using a single cation chromatographic separation step (1.4 ml resin bed, Biorad Ò AG50W-X8, 200-400 lm mesh-size) was sufficient. Hafnium was loaded and collected in a mixture of 1 M HCl and 0.05 M HF (0.5 ml loading solution, 2 additional ml for elution), whereas Nd was collected in 5 ml 6 M HNO 3 , following the elution of barium in 12 ml of 2 M HNO 3 . The respective cuts containing Nd and Hf were evaporated to dryness and then oxidized by adding 200 ll of a 1:1 mixture of 0.5 M HNO 3 and H 2 O 2 (30 wt.%) to destroy remaining organic compounds originating from the resin before measurement on the MC-ICPMS. Replicates for each element were processed and yielded an external reproducibility of better than 1% for Nd and between 3% and 10% for Hf depending on concentration. Laboratory blanks were quantified by processing 0.5 L of MQ-water in the same way as the samples and corresponded to less than 1% for Nd, where no blank corrections were applied. The Hf content of the samples being very low was closer to the blank level. The blank amounted to 5 ± 0.7 pg (n = 11, corresponding to 50% of the smallest sample), which was subtracted from all samples to achieve a correct seawater concentration.
The concentrations of all the naturally occurring rare earth elements (REE) concentrations were determined using a seaFAST system (Elemental Scientific Inc.) connected to an Agilent 7500ce ICP-MS. The seaFAST system performs preconcentration, matrix removal and online elution into the ICP-MS enabling direct analysis of trace metals from 4 ml of undiluted seawater (Hathorne et al., 2012) . The overall reproducibility for all REE concentrations was better than 8% (1 SD), estimated from repeated measurements of a seawater sample (n = 10). The agreement for Nd concentrations between the seaFast measurements and isotope dilution is better than 10% for most of the samples except for stations S3, S7 and 222 (180 m), where the sea-FAST produced 13.7%, 13.0% and 15.3% higher concentrations.
Isotope measurements
The Hf isotope compositions were measured on a Nu Plasma HR MC-ICPMS at GEOMAR applying manual time resolved data acquisition. The samples were dissolved in 250-500 ll 0.5 M HNO 3 /0.1 M HF to obtain a Hf concentration of $20 ppb corresponding to a total beam of at least 4 V. The measured Hf isotope ratios were integrated over the time of analysis (3-5 min) and corrected for instrumental mass fraction to 179 Hf/ 177 Hf = 0.7325 applying an exponential mass fractionation law. All 176 Hf/ 177 Hf ratios were normalized to the accepted value for JMC 475 of 0.28216 (Nowell et al., 1998) using the average of repeated measurements of the JMC 475 standard in each session. The external reproducibility for the set of samples in this study was ±0.8 e Hf (2 SD) and was estimated by 4-6 repeated measurements of the JMC 475 Hf standard during every session at the same concentration as the samples. The Nd isotope composition was either also measured on the Nu plasma instrument, though in automatic mode, or on a Thermo Scientific Triton1 TIMS. The measured isotopic composition was corrected for instrumental mass bias to 146 Nd/ 144 Nd = 0.7219 applying an exponential mass fractionation law. All 143 Nd/ 144 Nd ratios were normalized to the JNdi-1 standard with the accepted ratio of 0.512115 (Tanaka et al., 2000) using the average of the repeatedly measured standard of the respective session. The external reproducibility was between ±0.3 e Nd and ±0.39 e Nd (2 SD) estimated by repeated measurements of the JNdi-1 standard, as well as of an internal laboratory standard. Duplicates measured on both instruments resulted in the same value within this error. The blanks for both elements (laboratory work only) were $20 pg (Hf) and $50 pg (Nd), which in both cases was less than 1% of the smallest sample.
The additional samples from ANTXXIII/3 were measured on a MAT 261 TIMS (Observatoire Midi-Pyrénées, Toulouse, France), using the same method as described above to correct for instrumental mass bias. These samples were normalized to the La Jolla Nd standard with the accepted 143 Nd/ 144 Nd value of 0.511859, yielding an external reproducibility between ±0.2 and 0.6 e Nd units (2 SD). Both laboratories participated in the 2008-2010 GEOTRACES intercalibration efforts and their results agreed well within the overall 2 SD variation of e Nd ±0.6 (van de Flierdt et al., 2012).
Particles
We compared our data to results for Nd isotopes and REE concentrations in particulates from the Southern Ocean published by Hegner et al. (2007) , whose study area largely overlapped with ours. Hafnium concentrations for marine particulates, which were measured on the same samples as in Hegner et al. (2007) , have not been published in that study. Therefore, we analyzed these Hf concentrations for samples that were most proximal to our study sites. The methodology followed the one described in Hegner et al. (2007) .
RESULTS
The results for dissolved Hf and REE concentrations and Hf and Nd isotope compositions from this study are presented in Tables 1 and 2. The previously published particulate Nd concentrations (Hegner et al., 2007) and the new particulate Hf concentrations are listed together in Table 3 . This table also shows those stations of ANTXXIV/3 closest to those of Hegner et al. (2007) .
Hf and Nd concentrations in the dissolved fraction
Both Hf and Nd concentrations show similar distribution patterns in the studied area ( Fig. 3 ) with some distinct exceptions as will be detailed below. The Zero Median section displays the following elemental distributions from north to south (Fig. 3A) : the highest Nd concentration of 24.2 pmol/kg is observed at station S1, about 200 km southwest of Cape Town. This high Nd concentration is in marked contrast to the very low Hf concentration at this station with only 0.06 pmol/kg (Table 1) . The Nd concentration decreases southward to a minimum value 6.7 pmol/kg at the STF (station S2). Towards the SAF, the concentrations for both elements remain at a low level corresponding to $6 pmol/kg for Nd and $0.05 pmol/kg for Hf, respectively. A pronounced southward increase in the concentrations of both elements is observed between the SAF (station 104/105) and the BDY (station 113 and 116). From there onwards, the Hf and Nd concentrations remain relatively constant across the Weddell Gyre (WG) yielding typical concentrations of $0.2 pmol/kg for Hf and $15 pmol/kg for Nd.
The elemental distribution in the section through the Weddell Sea (east to west) and the Drake Passage (south to north) is characterized (Fig. 3B ) by Hf and Nd concentrations in the Weddell Sea that are similar to those observed around the Zero Meridian in the WG. Starting approximately at station S6 the Hf concentrations, and, to a lesser extent, the Nd concentrations, rise continuously until station S7 north of the AAP. This broad maximum in concentrations with a peak value of 0.38 pmol/kg Hf and 22.6 pmol/kg Nd at station 7 occurs near King George Island. Further north in the Drake Passage Hf and Nd concentrations drop again to values similar to those found in the eastern Atlantic sector of the ACC. Table  2 ). With the exception of two samples, the surface waters show shale normalized REE patterns similar to previous studies with heavy REE (HREE) enrichment compared to the light REE (LREE, e.g. Elderfield and Greaves, 1982; de Baar et al., 1983 de Baar et al., , 1985 Piepgras and Jacobsen, 1992; German et al., 1995) . Stations S2 and particularly S1 show only small enrichments of the HREEs. The cerium anomalies Ce/Ce * (Ce/Ce * = log [3 Â Ce N /(2 Â La N + Nd N )], whereby values <0 represent negative anomalies and REE N is normalized to that of PAAS, Taylor and McLennan, 1985) of all samples are negative between À1.31 and À0.24 (Table 2 ). The smallest negative Ce anomaly was measured at station S1, close to South Africa. The most negative Ce/Ce * values of À1.31 to À1.03 and À1.13 to À0.61 were found at stations within the Weddell Gyre and the ACC, respectively. The pronounced negative anomalies in the WG weaken close to Antarctica and only correspond to À0.56 at station 222 west of the AAP and to À0.76 at station 154 close to the DML. PAAS-normalized La-Yb ratios (La N /Yb N ) range from 0.19 to 0.68 ( Fig. 3 and Table 2 ). The highest La N /Yb N ratios were measured at S1 (0.68) and S2 (0.53). South of the STF, in the ACC and the Weddell Gyre, these ratios drop to 0.19-0.38. Like the Ce/Ce * , the La N /Yb N ratios close to the AAP are similar to those in the Weddell Gyre (0.28-0.36).
REE patterns of the dissolved fraction
Dissolved Hf and Nd isotope composition
Overall, the Hf isotope composition of the surface waters is relatively constant and most samples are between e Hf = +2.8 and +5.0, whereas the range of Nd isotopes is almost 15 e Nd units (e Nd = À18.9 to À4.0, Fig. 3 ). It should be noted that for the stations north of the Polar Front (PF) the Hf concentration in the samples was too low for Hf isotope measurements. For Nd, stations north of the STF close to South Africa have the least radiogenic Nd isotope compositions between e Nd = À18.9 and À11.0 (Fig. 3A) . Another distinctly unradiogenic Nd isotope value of e Nd = À9.9 is observed in the WG at the southernmost station 154 close to the Antarctic continent. The unique deviation from the above range of Hf isotope compositions is observed at station S7, where the most radiogenic value of e Hf = +6.1 occurs close to King George Island (KGI, Figs. 2 and 3B ). At the same station a similar excursion to more radiogenic values is also observed for Nd isotopes (e Nd = À4.0). At the nearby stations DRA 052, 062 and S8 north of King George Island, Nd isotope compositions between e Nd = À6.3 to À7.2 were measured. The Hf isotope compositions on nearby stations, on the other hand, are not elevated. A further radiogenic Nd isotope excursion in the ACC to e Nd = À5.7 is measured at station DRA001, close to the southern tip of Chile. Apart from these deviations the Nd isotope compositions, similar to Hf, are rather uniform within the ACC and the WG at values between e Nd = À7.8 and À8.6.
Combined Hf and Nd isotope compositions show that surface waters from the Southern Ocean are shifted towards more radiogenic Hf values for given Nd values when compared to the "terrestrial array" (Fig. 1B) . Similar to previously published seawater data (Godfrey et al., 2009; Rickli et al., 2009 Rickli et al., , 2010 Zimmermann et al., 2009a,b) , the surface waters in this study plot on the "seawater array", as previously also derived from analyses of ferromanganese crust and nodule surfaces (Albarède et al., 1998; David et al., 2001; van de Flierdt et al., 2006) . All samples form an isotopically tightly constrained field, with the only exception of the samples collected in the vicinity of KGI, which plot on the more radiogenic part of the seawater array.
DISCUSSION
Weathering inputs of Hf and REEs
South Africa
While the general distribution of Hf and REE concentrations, as well as Hf and Nd isotopes are similar in most parts of the study area, the data are distinctly different close to South Africa. At station S1 the Nd concentration of 24.2 pmol/kg is the highest measured in this study, whereas Hf is at its lowest level (0.06 pmol/kg). The high Nd concentration together with the shale-normalized La N /Yb N of 0.68 and an only slightly negative Ce anomaly (Ce/ Ce * = À0.24) suggest enhanced terrigenous inputs from the South African continent. A shale-normalized REE pattern comparable to that of particulate data (Hegner et al., 2007) further supports increased contributions to the dissolved REEs originating from terrigenous material, probably via partial dissolution of particles (Fig. 4) . A continental input is also indicated by the very negative seawater Nd isotope composition of e Nd = À18.9 at S1. However, the isotope composition of suspended particles yielding e Nd of À14.5 (Hegner et al., 2007) is too radiogenic to explain the low seawater Nd isotope composition at S1. Surface sediments deposited around the South African coast are on average also more radiogenic (e Nd = À14 to À12, Franzese et al., 2006) . Therefore, an additional source supplying unradiogenic Nd is necessary to explain the unradiogenic value at S1, most plausibly surface waters advected by the Agulhas Current. The Agulhas waters may have been influenced by particle dissolution close to the eastern coast of South Africa and carry unradiogenic Nd into the Atlantic, which is supported by the provenance of deposited detritus in the southern Cape Basin (Rutberg et al., 2005; Franzese et al., 2006) . Unfortunately, there are no further data available on the marine particle composition from the Indian Ocean side of South Africa to support this assumption. As mentioned above, the Hf concentration at S1 is one of the lowest of the entire sample set, which does not support an additional input from particle dissolution for Hf in that area. Thus, a release of Hf from particles appears to be of no importance or Hf is simply scavenged more readily. Unfortunately the lack of a Hf isotope value at this station does not allow to investigate if boundary exchange has been involved instead, through which the radiogenic isotope signature can change but not necessarily the concentration (e.g. Lacan and Jeandel, 2005) . Possibly, Hf is largely retained in refractory minerals, such as zircon, which make it less available during particle dissolution. If Hf scavenging was high at S1, the effect on the REEs seems to be very low given the high concentration of these elements. Even though recent studies have shown that Hf is scavenged in surface waters more readily than e.g. Nd, the overall scavenging behavior of these two elements is similar (Godfrey et al., 2009; Rickli et al., 2010) . Thus, it seems rather unlikely that a very high Nd concentration accompanied with a very low Hf concentration is only the result of different scavenging behavior between both elements. Further south at station S2, just north of the STF, the HREE are 40% lower while the LREE are between 60% and 84% lower, and Hf is at its minimum value of 0.04 pmol/kg. The REE pattern shifts from a flatter shale normalized shape at S1 to a steeper seawater-like pattern at S2 with LREEs relatively depleted compared to HREEs (La N /Yb N = 0.5) and a lower Ce/Ce * of À0.53 ( Fig. 4 and Table 2 ). Although not very pronounced, this pattern, together with the overall low abundance of the REEs suggest either a low contribution from the dissolution of terrigenous material or enhanced scavenging due to higher productivity at the STF, most likely a combination of both processes. Hegner et al. (2007) reported low aluminum (Al) and thorium (Th) concentrations in particles documenting very low terrigenous inputs to this area thus providing an explanation for the low dissolved REE concentrations. These authors also proposed that scavenging of Nd from seawater on the order of only 5-10% of the available dissolved load would be sufficient to yield the observed Nd concentrations adsorbed to the particles. However, the slightly lower La N /Yb N ratios from our study between 0.19 and 0.29 from the STF to the BDY compared to the ones from the Weddell Gyre ($0.29 to 0.38) may indicate more ample scavenging, since LREE are preferentially scavenged to biogenic particles (e.g. Elderfield and Greaves, 1982) . The low dissolved Nd concentrations in our surface water samples from the ACC can thus be explained by limited supply but additional scavenging also seems to be involved.
Antarctica and South America
The elemental distribution of the sampled stations near the Antarctic continent does not indicate strong terrigenous supply. Within the entire Weddell Gyre Hf and REE concentrations are elevated relative to the ACC but with no significant increases similar to those observed for S1 close to the Antarctic continent ( Figs. 3 and 4) . However, at stations S7 and 222, close to the volcanic King George Island (KGI, Fig. 2C ) and east of the Antarctic Peninsula (AAP), respectively, the Hf and REE concentrations are clearly elevated. In particular, at S7 the Hf concentration of 0.38 pmol/kg is almost twice as high as it is on average in the Weddell Gyre, whereas the REE concentrations are on average only about 10-50% higher. At station 222 no significant increase of the Hf concentration in the surface water is observed. The more radiogtenic Hf and Nd isotope compositions at S7 (e Hf = +6.1 and of e Nd = À4.0, Table 3 Particulate Hf, Nd and biogenic opal data from Hegner et al. (2007) respectively) clearly document external inputs of these elements from the basaltic rocks of KGI. The observed radiogenic Nd isotope composition accompanied only by a small increase of the REE concentrations implies a boundary exchange process with the KGI. A similar, though not as pronounced exchange of Nd isotopes has obviously influenced station 154, which has been sampled in 135 m water depth close to the seafloor at the Antarctic ice shelf. Here the Nd isotope composition of e Nd = À9.9 is more than 1 e-unit lower than those in the nearby surface stations (Fig. 3B) . A simple mass balance calculation, using the Nd isotope composition of station 154 (e Nd = À9.9), the average isotope composition of the Weddell Sea and that of glaciomarine sediments (e Nd = À8.6 and À15.0, respectively, this study; Roy et al., 2007; Stichel et al., 2012) , suggests that about 20% of the Nd must be derived from shelf sediments off Dronning Maud Land. However, the increase of the Nd concentration and most of the REEs is less than 10% compared to the average surface concentration of 17.9 pmol/kg. In order to test if processes other than particle or sediment release are involved, we simply calculate a hypothetical e Nd signature only caused by exchange with particles based on the above considerations and compare it with the measured value. This is an approach similar to the one of Lacan and Jeandel (2001) and e Nd-initial is the average isotope composition of the Weddell Sea surface waters (e Nd = À8.6). The isotope composition of the sediment (e Nd-SED = À15.0) is taken from Roy et al. (2007) close to station 154 of our study. If the calculated value is the same as the one observed, the difference in the isotope composition between these waters seems to be derived entirely by particle or sediment release. The calculated isotope composition of e Nd = À9.1, however, is about 0.8 e Nd units more radiogenic, which is just about higher than the external reproducibility of ±0.4, but still suggests that boundary . Hafnium and Nd concentrations largely follow a similar pattern in both sections with the exception that S1 in (A) shows a significantly elevated Nd concentration. The Hafnium and Nd isotope compositions also follow similar trends where combined data are available. The only exceptions are stations 156 and GvN, where the e Hf drops to less radiogenic values, whereas e Nd does not. The La/ Yb ratios are normalized to PAAS (Taylor and McLennan, 1985) . Horizontal bars indicate the analytical uncertainties, which in most cases are smaller than symbol size. exchange processes do influence the isotope composition at this location. If particle dissolution was the only process to explain the isotope composition at station 154, the corresponding D[Nd] must be $4.5 pmol/kg, whereas the observed D[Nd] is only 1.4 pmol/kg. The only significant drop towards less radiogenic Hf isotope compositions is observed at station 151 (e Hf = +4.9) and stations 156 and GvN nearest to Dronning Maud Land (e Hf = +3.0 and e Hf = +3.4, respectively; Fig. 3A ). The proximity of these stations to the Antarctic shelf suggests an unradiogenic Hf input from the Dronning Maud Land (e.g. van de Flierdt et al., 2006 . Although a shift to unradiogenic Nd is not observed for these stations the unradiogenic Nd isotope composition at the southernmost station 154 (e Nd = À9.9, e Hf is not available) also suggests Nd inputs from the Dronning Maud Land. In general, Nd isotopes in the WG are slightly less radiogenic than in the ACC (Table 1) , also pointing at some Nd fluxes from Antarctica to the Weddell Sea. The less radiogenic Hf signatures observed in the vicinity of Dronning Maud Land may be a consequence of a relatively congruent release of Hf from the exposed rocks on land due to the glacial grinding of weathering resistant zircons. Evidence for a more congruent release of Hf under physical weathering conditions has previously been found in ferromanganese crusts, which recorded less radiogenic Hf isotope compositions than those of the seawater array in regions and during periods of prevailing enhanced physical weathering (Piotrowski et al., 2000; van de Flierdt et al., 2002 . These authors concluded that the onset of Northern Hemisphere Glaciation and the accompanying enhanced physical weathering led to a more congruent release of Hf isotopes from the old continental crust in northern Canada and Greenland. However, the shift of the Hf isotope compositions in these studies was several e Hf units compared to only 1 e Hf unit in our case. Our data from the Weddell Sea in the proximity of Dronning Maud Land thus suggest that the local Hf isotope composition in this case is not a sensitive tracer for physical weathering inputs. Furthermore, the combined Hf and Nd isotope data do not plot significantly closer to the terrestrial array (Fig. 1) .
The exchange with Antarctica is clearly more prominent at station S7, close to King George Island (KGI). Like most of the South Sandwich Islands, KGI is composed of relatively young, mafic island arc rocks (see Section 1.2). Previous studies on James Ross Island, which has the same geological origin as KGI (e.g. Machado et al., 2005) reported Hf and Nd isotope compositions of the bulk rocks of e Hf $ +7 (Sims et al., 2008) and e Nd $ +5 (Hole et al., 1994; Kosler et al., 2009) . Enhanced weathering input from these rocks is also indicated by the high particulate concentrations of Hf and Nd (Hegner et al., 2007;  Table 3 ), which are likely to modify the isotope composition of the surface waters. We thus also calculated the hypothetical Nd isotope composition only controlled by partial dissolution of particles at station S7, analogous to the approach above. We used the Nd isotope composition and concentration of station 230/50 m (e Nd = À8.2; 18.9 pmol/kg) as a representative value of surface waters from the Drake Passage. The isotope composition of KGI ranges from e Nd = +1 to +5 (Hole et al., 1994; Kosler et al., 2009) , from which a hypothetical Nd isotope composition of e Nd = À6.7 to À6.0 is calculated. This is 2-2.7 e Nd units less radiogenic than the observed signatures (Fig. 3B) . The observed Nd isotope composition of e Nd = À4.0 is therefore largely a result of boundary exchange rather than dissolution of weathered volcanic material. The REE pattern of S7 is similar to that of LCDW (Hathorne et al., 2012) and also suggests that elemental input derived from volcanic material (REE values from Machado et al., 2005) is of minor importance (Fig. 4) .
The observed radiogenic Hf isotope composition at KGI of e Hf = +6.1 (S7) also indicates a significant influence from weathering inputs on the surface water isotope composition. The Hf concentration of 0.38 pmol/kg is also significantly higher than the average in the Weddell Sea or the ACC (Fig. 3 and Table 1 ). Applying the same approach as for Nd reveals that the hypothetical Hf isotope composition should be between +3.8 and +5.4, using average compositions of the Weddell Gyre and the ACC (e Hf-initial = +3 to +4 and [Hf] initial = 0.2 to 0.3 pmol/kg). The observed Hf isotope composition at S7, however, is e Hf = +6.1, indicating again that boundary exchange processes govern the isotope composition rather than addition of dissolved Hf from particles or weathered material.
The peak radiogenic Hf and Nd isotope values sharply decrease towards less radiogenic levels of e Nd = À6.3 (DRA052) and e Nd = À7.2; e Hf = +3 (S8 and DRA062) towards the Drake Passage, implying that the influence of KGI is locally limited and that the boundary exchange signals are rapidly diluted by surface ocean waters from the Drake Passage. The imprint on the Hf isotope compositions is even more locally confined and is only detected at station 7. This is explained by the lower isotopic contrast for Hf between station 7 (e Hf = +6.1) and the "typical" ACC surface ocean (e Hf $ +4, Fig. 3B ) relative to the contrast observed for Nd isotopes, but may also reflect a shorter surface ocean residence time for Hf than for Nd as suggested before (Rickli et al., 2010) . A more radiogenic Nd isotope signal is again observed in the northern part of the Drake Passage (Fig. 3B) . At station DRA001 the Nd isotope composition of e Nd = À5.7 implies radiogenic input from the southern tip of South America, possibly derived from the Pali Aike Volcanic Field, which consist of lavas with a Nd isotope composition as radiogenic as e Nd $ +5 (D'Orazio et al., 2000) . The imprint is only observed close to the coast and the Nd isotope composition of the open Drake Passage is indistinguishable from the ACC e Nd signatures of $À8 along the Zero Meridian.
Cycling of Hf and Nd in the Southern Ocean
Previous studies have suggested that Hf and REEs are prone to scavenging by biogenic opal in the Southern Ocean (e.g. Rickli et al., 2009; Stichel et al., 2012) . It was suggested that the large specific surface area of diatom frustules acts as an effective scavenger for Hf and Nd. Stichel et al. (2012) found that Hf and Nd concentrations correlate well with dissolved Si content in the Southern Ocean and suggested that the observed linear increase of Nd concentration with water depth represents a steady release of Nd, while the frustules dissolve. This feature was not observed for Hf, indicating a different remineralization behavior. A comparison of particulate Nd/Hf ratios from our study with the particulate opal content in the eastern Atlantic sector of the ACC indicates a strong negative correlation between these parameters (Nd and opal data from Hegner et al. (2007) ; Fig. 5 and Table 3 ). This suggests that Hf is more efficiently scavenged from surface waters than Nd when siliceous frustules of diatoms are present. This means that diatom productivity acts as a more effective sink for Hf than for Nd in the Southern Ocean given that a significant fraction of the opal is buried in the sediment. However, one would expect that such an effect would influence the dissolved fraction as well, which is not observed (Fig. 5B) . Except for stations S1, S2 and 142 the elemental distribution of Hf and Nd is very similar and does not support any fractionation by scavenging. One plausible explanation is that the particulate and dissolved fractions were collected separately on different expeditions. The particulate samples were taken between November 1997 and March 1998 (Hegner et al., 2007) , whereas the dissolved fraction was sampled from February to April 2008. To estimate if and to what extent the diatoms contribute to a preferential scavenging or elemental fractionation, parallel collection of the particulate and dissolved fractions is required in future studies.
South of the ACC the dissolved concentrations for both elements are elevated and rather homogenous, with the exception of station 142, where the Hf concentration amounts to only 0.11 pmol/kg, i.e. only half of the average Hf concentration observed for other samples in this area. Hegner et al. (2007) also observed higher particulate Nd concentrations in the WG (more than 2 pmol/L) together with unradiogenic detrital Nd isotope compositions and high Al concentrations of up to 7.2 nmol/L, supporting supply of terrigenous material by icebergs. However, the elevated concentrations of Nd ($18 pmol/kg) and Hf ($0.21 pmol/kg) observed within the Weddell Gyre in our study compared to those north of the PF are more likely caused by accumulation of deep sourced Hf and Nd rather than derived from icebergs, as discussed below. The highest dissolved Hf and Nd concentrations south of the STF of 0.38 pmol/kg and 22.1 pmol/kg, respectively, were measured near the volcanic King George Island. This matches the highest concentrations in particulate Hf and Nd (2.88 pmol/L and 24.44 pmol/L, respectively, Hegner et al., 2007;  Table 3 ), implying a strong input from this or adjacent islands.
Terrigenous influence is further supported by the isotope composition of particles in the Weddell Gyre yielding values e Nd = À15 or lower, suggesting an enhanced input of material from East Antarctica via ice rafting (Hegner et al., 2007) . Alternatively, the Weddell Gyre's average dissolved Nd and Hf isotope composition is nearly identical to that of CDW (e Nd = À8.5 ± 0.3, e Hf = +4.4 ± 0.6, Stichel et al., 2012) in the studied area. This similarity may suggest that the isotope compositions of surface waters are the result of vigorous mixing and accumulation of these elements within the WG rather than reflecting the result of low terrigenous input. A supply of Hf and Nd from deeper waters is sup-ported by relatively high surface water concentrations of $0.2 pmol/kg and $18 pmol/kg, respectively. Additionally, the REE patterns in the Weddell Gyre are very similar to the pattern of LCDW in Hathorne et al. (2012) . On the basis of the distribution of the highly particle reactive elements Th and protactinium (Pa) in the Weddell Gyre, Rutgers van Machado et al., 2005) . Seawater values are normalized to PAAS multiplied by 10 6 , whereas the normalized particulate values are multiplied by 0.01 to fit on the same scale.
der Loeff and Berger (1993) documented that particle export and thus scavenging is very low leading to their accumulation in the water column of the Weddell Gyre. The general homogeneity of Hf and REE within the Weddell Gyre also suggests accumulation of these elements. This observation can be used to estimate the minimum residence time of Hf and REE in surface waters within the Weddell Gyre. The average residence time of a parcel of surface water there is around 2.5 years (Gordon and Huber, 1990; Hoppema et al., 1995) , implying that the residence times of Hf and the REEs is at least in that order.
SUMMARY AND CONCLUSIONS
In this study the first combined surface water Hf and Nd isotope compositions and Hf and REE concentrations of surface waters from the Atlantic sector of the Southern Ocean are presented. The data set comprises a wide range of Hf and Nd concentrations from low values in the South Atlantic Current (0.04 and 6.7 pmol/kg) to maximum values near King George Island (0.38 and 22.6 pmol/kg).
(1) The highest Nd concentrations were found in surface waters southwest of Cape Town. In the same sample, a very low Hf concentration indicates restricted release of Hf from the South African continental crust. High La N /Yb N ratios between 0.50 and 0.68 and markedly flat PAAS-normalized REE patterns support enhanced terrigenous input from South Africa. This is accompanied by the least radiogenic Nd isotope composition as low as e Nd = À18.9, which was probably advected via the Agulhas Current and documents inputs from weathering of Archean cratonic rocks exposed in South Africa.
(2) The low elemental concentrations just north of the Subantarctic Front most likely result from a combination of limited terrigenous supply and high biological productivity. A good correlation of the particulate Nd/Hf ratio with biogenic SiO 2 content suggests a preferential scavenging of Hf onto siliceous frustules. The Hf and Nd concentrations are lower north of the PF and increase southward to more constant values within the WG indicating accumulation resulting from low biogenic particle fluxes and thus a weak scavenging efficiency of trace metals. (3) We observe the influence of volcanic rocks by marked increases of Hf and Nd concentrations in the vicinity of King George Island. These are, accompanied by a pronounced excursion to more radiogenic isotope compositions for both elements (e Hf =+6.1; e Nd = À4.0). Mass balance considerations suggest that not only elemental release originating from particle dissolution but also boundary exchange processes govern the isotope composition of surface waters. A similar influence from mantle-derived rocks is observed at the southern tip of Chile. Boundary exchange processes most likely also take place on the Antarctic shelf where less radiogenic Nd than the average composition of the Weddell Gyre is found at 135 m water depth close to the seafloor.
(4) The Hf and Nd isotope compositions of the surface samples are shifted towards more radiogenic Hf values for given Nd values when compared to the "terrestrial array" and plot on the "seawater array". (5) The majority of the studied areas comprising the ACC and the Weddell Gyre shows essentially homogenous isotope compositions of e Hf $ +4 and e Nd $ À8.5, which is similar to the deep water compositions studied previously and documents strong vertical and lateral mixing of Hf and Nd south of the Polar Front, indicating a residence time at least as long as the turnover time of surface waters in the Weddell Gyre. (Hegner et al., 2007) .
